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Fast developments in the fields of synthetic biology and DNA synthesis are rapidly improving 
our capability to engineer new functionalities into microorganisms. While efficient processes 
have been developed for testing functionality of new DNA encoded functions in unicellular 
microorganisms, i.e. Yeast, E. coli, the genetic engineering of multi-cellular, filamentous 
fungi has been hampered by low DNA transformation frequencies, non-homologous DNA 
recombination systems and tedious transformant purification procedures. Better, faster, 
easier procedures for prototyping new DNA encoded functions in filamentous fungi would 
stimulate the application of this important class of microorganisms for discovery and 
production of new bioproducts enormously. Hence, new techniques to extend the toolbox 
for genetic engineering of Penicillium chrysogenum are urgently required. 
We utilized a hisB(-) strain and complemented the auxotrophy by transforming a donor 
DNA fragment containing hisB under control of a constitutive promoter along with 3 donor 
DNA fragments into protoplasts. The bulk transformed mix of protoplasts was grown in 
liquid culture to counterselect non-transformed protoplasts, resulting in sufficient biomass 
to focus on the gain-of-function phenotype. Subsequently, we adapted the aldehydye-based 
promoter palcA from Aspergillus nidulans to function in P. chrysogenum with the endogenous 
alcR transcription factor and characterized the performance of this promoter. Lastly, we 
used the ornithine-decarboxylase (ODC) degradation tag from Mus musculus and tagged 
the fluorescent protein DSRed under control of the palcA-syn promoter to quantify whether 
the ODC tag would achieve a rapid protein clearance.
Our results highlight the potential of in vivo homologous recombination of P. chrysogenum 
to perform faster screening routines to discover proteins active in this filamentous fungus 
and to assemble promising heterologous pathways with direct screening for the target 
molecules. Our results can be easily integrated into any automated workflow for protoplast 
transformation and we envision these approaches can reduce the time to prototype 
synthetic DNA constructs in P. chrysogenum.
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The synthetic biology toolbox for rapid engineering of many filamentous fungi, including 
Penicillium chrysogenum is hampered by a lack of well-characterized promoters which is 
critical to express multigene-pathways and to improve a production phenotype. A recent 
review1 lists 22 inducible promoters for fungi, yet the comparison of performance is 
not possible as the read-out for promoter performance is not uniform. A reduction of 
strain construction time and culture volumes would likely reduce the hurdles for part 
characterization. However, this is often difficult because the morphology of filamentous 
fungi leads to larger pellets and/or growth on culture vessel walls, making it very unattractive 
to scale down the cultivation volume on one hand, while fungal strain construction on 
the other hand is another bottleneck. However, recent approaches describe that promoter 
performance determination is also possible for filamentous fungi, using fluorescent proteins 
as a readout in a downscaled cultivation volume. Rantasalo and coworkers2 established 
a broad-host-range promoter system3 and quantified promoter output by measuring 
mCherry fluorescence intensity in 200 µl aliquots of culture broth sampled from Trichoderma 
grown in 4-ml scale in 24-well-plates, while Polli et al.4 utilized a dispersed growing P. 
chrysogenum strain, measuring the production of fluorescent proteins online in 1-ml-scale 
in 48-well plates using the BioLector System. In both approaches, the cloning effort required 
to obtain the donor DNA constructs for transformation was substantial and and diagnostic 
PCR was combined with clone purification to exclude false positives such as multi copy 
integration of constructs..
Engineering inducible gene expression systems and developing stimulus-responsive 
feedback-loops are key elements for a synthetic biology toolbox for any organism. Besides 
engineering the output strength of a given promoter, also the lifetime of the transcription 
factor can determine the performance and speed of a system as protein half-life varies 
substantially for different proteins as measured in S. cerevisiae5. Different systems have been 
developed to selectively inactivate proteins in various organisms6, either involving means 
of increasing the ubiquitin-mediated proteolysis or tagging of proteins with destabilizing 
tags such as the mouse ornithine decarboxylase (ODC) tag7,8 which was shown to reduce 
the half-life of ODC-tagged DsRed proteins from 4.6 days9 to 10 minutes when expressed 
in S. cerevisiae. Therefore, the addition of a destabilizing tag to a transcription factor 
could increase the precision in regulatory circuits and the performance of such a tag in 
P. chrysogenum could be estimated by tagging a fluorescent protein under control of an 
inducible promoter.
An inducible system frequently reported in filamentous fungi but not utilized in 
P. chrysogenum yet is the aldehyde-inducible transcription-factor (TF) AlcR which was 
extensively described in Aspergillus nidulans 10–14 and is involved in regulating the genes 
coding for alcohol dehydrogenase (alcA) and aldehyde dehydrogenase (aldA) required 
for the breakdown of ethanol. The AlcR recognition site is a five-nucleotide binding motif 
(TGCGG) that is found upstream of the aforementioned genes. Besides being inducible 
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with the ethanol degradation product acetaldehyde, the AlcR TF is also responding to 
methylethylketone (MEK) and primary amines such as threonine or n-butylamine15,16. 
Besides being a potential inducer molecule for the alcA promoter, MEK is an interesting 
compound, as it is an industrially important solvent and it was shown recently that MEK 
can be obtained from levulinic acid by enzymatic conversion using heterologous enzymes 
in E. coli17,18. However, the process required raw material processing in order to circumvent 
growth inhibition of the bacterial strain. Therefore, a robust filamentous organism could 
allow a more efficient process design and could be tested as an alternative in the future. In 
order to evaluate the biosynthesis of MEK in P. chrysogenum, a reporter strain could therefore 
be utilized that links the biosynthesis of MEK to a fluorescent protein, which could be realized 
with the alcR-palcA-system.
We recently were able to successfully integrate up to 8 donor DNA parts by in vivo 
assembly in P. chrysogenum (Chapter 3) with a frequency of 25% and therefore speculated 
that a reduction of parts used for recombination would result in sufficient high success 
rates to continue screenings for promoter activity without prior clone screening. However, 
dominant markers are mainly employed for clone selection in P. chrysogenum that do not 
ensure stringent selection of non-transformed clones, mainly due to biggybacking on 
transformation plates that are crowded with non-transformed protoplasts and degradation 
or long-time stability problems of selection agents. Hence, we speculated that an auxotroph 
strain would therefore enable growth only in clones that were able to take up the donor 
DNA restoring the ability to produce the lacking metabolite. With respect to known leakage 
of metabolites into culture medium and reported intracellular levels of 2 - 5 µmol per g cell 
dry weight19, the amino acids proline, valine, lysine, arginine and histidine are suitable target 
metabolites for the generation of auxotrophic P. chysogenum strains as a weak, constitutive 
promoter should be sufficient and would also suppress bleeding of the amino acids into 
the culture medium. Since routes to generate histidine auxotroph mutants by deletion of 
the essential hisB gene have been described for several Aspergilli20–22, we set out to test 
whether this approach would also be feasible for P. chrysogenum.
Results and Discussion
Complementation of HisB auxotrophy allows selection of 
protoplasts in liquid culture
Upon deletion of the low-expressed Imidazoleglycerol-phosphate dehydratase gene (hisB, 
Pc20g11690, Figure 1a) in P. chrysogenum DS68530 (∆hdfA, ∆pen-BGC) with the terbinafine-
selectable dominant marker ergA (Figure 1b and Supporting Information 1a), 
transformants were obtained that were only able to survive in the presence of 20 mM 
histidine (Supporting Information 1b). For complementation of the auxotrophy, two 
different promoters were assessed for control of hisB by integration of a donor DNA into 
the intergenic region between Pc20g07090 and Pc20g08100: the p40s promoter, about 
10x stronger than the P. chrysogenum phisB and pTIF35, which is approximately 2x stronger 
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Figure 1. Generating an auxotrophic P. chrysogenum strain for rapid gain-of-function screening. a) 
Expression of genes involved in histidine biosynthesis in P. chrysogenum in 15 diverse strains and 
cultivation conditions. Black bars indicate the median. b) Deletion of endogenous hisB in P. chrysogenum 
DS68530 using terbinafine as selection marker. The obtained strain was able to grow in the presence 
of 20 mM histidine. c) Schema for homologous recombination of the Pen-BGC into the IGR between 
Pc20g0790 and Pc20g08100 using hisB as a selectable marker. d) Colony forming units (cfu) per µg 
of donor DNA obtained for various transformation approaches. e) Cell dry weight of liquid-culture-
regenerated protoplasts obtained after 12 days of growth in SMP medium. f ) Production of IPN, PenV 
and 6-APA by liquid-culture-regenerated protoplasts harvested after 12 days. Titers are relative to 
DS47274 after 3 days of growth in SMP medium.
than phisB. Both promoters yielded similar cfu per µg of donor DNA (296 for pTIF35 and 
263 for p40s) and were clearly able to restore growth of protoplasts regenerated in 10 
ml Greiner tubes or transferred to shake flasks (Supporting Information 1c). However, 
good growth of the fungi was only observed in 25 ml shake flasks at 250 rpm and 25°C, 
while the same approach in Greiner tubes only lead to a moderate increase in biomass 
(Supporting Information 1c). This is probably due to the insufficient agitation and mixing 
in Greiner tubes and can be overcome by more vigorous shaking in future trials or switching 
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to 24-well DWP cultivations instead. To avoid overexpression of hisB and potential leakage 
into the medium, pTIF35 was used in further experiments. Next, we investigated whether 
recovered protoplasts might be able to produce sufficient biomass and compounds from 
a relevant pathway. Therefore, we transformed the PCR-amplified Pen-BGC (in 3 donor 
DNA parts) in combination with the pTIF35-hisB cassette into protoplasts obtained from P. 
chrysogenum DS68530-∆hisB (∆hdfA, ∆pen-BGC) (Figure 1c) and quantified the pathway 
products after 12 days (Supporting Information 1d) in secondary metabolite production 
(SMP) medium. These transformations showed very similar on-plate cfu counts compared 
to transforming only a single donor DNA with 100 bp homology (Figure 1d). Interestingly, 
when protoplasts were exposed to a HR-challenge (by leaving out a donor DNA fragment 
required for obtaining a functional Pen-BGC), the cfu count dropped to 16% compared to 
transforming all donor DNAs together. This indicates that the presence of all donor DNA parts 
is critical for successful homology-directed repair of double strand breaks in P. chrysogenum. 
A comparison of mycelium generation between the different strains in shake-flask cultures 
revealed that both equimass and equimolar transformation approached a similar biomass 
of 20 g/kg broth after 12 days while the HR-challenged transformants only produced 11 g/
kg broth of biomass (Figure 1e). With respect to the Penicillin yield, both approaches where 
a functional Pen-BGC was transformed yielded detectable quantities of penicillin V (PenV), 
isopenicillin N (IPN) and 6-aminopenicillanic acid (6-APA) that were more pronounced for 
the equimolar approach (Figure 1f) while the HR-challenged protoplasts did not produce 
any penicillin related metabolite (Figure 1f). The higher concentration of PenV measured 
in the equimolar transformation setup suggests that a higher number of cfu is likely to 
deplete the glucose contained in SMP earlier, leading to a faster build-up of Pen-BGC related 
metabolites. The timeframe of 12 days until compound analytics can likely be further reduced 
when optimal protoplast regeneration times are identified, while the glucose concentration 
in SMP medium can be reduced or glucose can be omitted completely in the medium to 
reduce the lag-phase in product formation onset, which can help to reduce variation across 
replicates and further reduce cultivation time.
An aldehyde-inducible promoter for Penicillium chrysogenum
In order to evaluate whether P. chrysogenum possesses a homolog to the transcription factor 
(TF) alcR (AN8978) described for A. nidulans, we performed a pBLAST search and compared 
the amino acid sequence of the closest hit (Pc21g22800, XP_002569247.1) for similarity of 
the DNA-interacting residues (Supporting Information S2a). Amongst the 16 important 
residues required for recognition of the TF binding motif 5’-TGCGG-3’, only four residues 
were not conserved suggesting that a very similar binding motif might be recognized. 
To assess this further, we next constructed a synthetic alcA promoter based on BBa_
K20920021 by removing CreA binding sites to avoid glucose repression and also constructed 
a longer promoter variant (Figure 2a) by interspacing five copies of the alcR binding motif 
1 http://parts.igem.org/Part:BBa_K2092002
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TGCGGnnCCGCA with 25 random nucleotides. We selected this motif as it only occurs at 
22 genomic sites of P. chrysogenum and therefore could prevent unspecific induction or 
repression. We then placed the rapidly maturing fluorescent protein DsRed.T123 under 
control of both promoter variants and transformed the donor DNA parts into P. chrysogenum 
DS68530 (Supporting Information S2b, S2c). Germinated spores of purified clones (n=2 
per promoter construct) were then used to inoculate SMP medium, allowed to grow for 24 
hours and then induced with various concentrations of methylethylketone (MEK) followed 
by sampling for RNA isolation after 24 and 48 h and cell dry weight determination after 48 
hours (Figure 2b). The expression of the TF alR (Pc21g22800) was moderately increased 24 
and 48 hours after induction with 50 mM MEK in all tested strains (Supporting Information 
S2c), indicating the responsiveness to MEK via an autoinduction mechanism known from A. 
nidulans. The response of palcA_syn_core was much less pronounced than that of palcA_
syn_long (log2 fold change of 1.5 and 9.3, respectively), suggesting that the performance 
of palcA_syn_core (BBa_K2092002) would not suffice for a strong induction. Although 
we observed a strong induction with 25 mM MEK, we also noted that the cell dry weight 
declined by 40%, indicating an unwanted, toxic effect of MEK (Figure 2c). Therefore, we 
further evaluated an induction of palcA_syn_long after a growth period of 72 hours with 
MEK, 1-Butanol and L-Threonine (Figure 2c, S2e). Importantly, the toxicity of MEK seemed 
to be reduced when allowing more biomass accumulation before induction, but both 
1-Butanol and L-Threonine clearly impacted biomass production more severely than MEK 
without inducing a stronger DsRed signal. The highest concentration of MEK tested in this 
setup, 25 mM, yielded an 8.5-fold induction of DsRed compared to the leaky, but uninduced 
control, proving that our palcA_syn_long promoter can be induced. For a more thorough 
characterization of the promoter, a time-course experiment or online measurement 
of DsRed signal with various concentrations of MEK is required in future experiments. 
The lowest concentration tested, 12.5 mM MEK, increased DsRed signal 3.6-fold, suggesting 
that lower intracellular levels of MEK can be sufficient to induce a signal suitable to identify 
better performing clones in a screening. Utilizing MEK as an inducer for palcA_syn_long 
at industrial process scales, (MEK is available for ca 10% of the costs of doxycycline) would 
require careful validation to decide whether it can be used in biotechnological processes 
due to the low vapor pressure and the potential impact on the metabolism needs to be 
studied further.
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Figure 2. Adaption of an aldehyde-inducible promoter in Penicillium chrysogenum. a) Schematic 
representation of the tested construct. The alcR binding motif (TGCGGnnCCGCA) is interspaced by 25 
randomized bp in palcA_syn_long. b) Timeline for verification of palcA inducibility using MEK. After 
24 h cultivation of mycelium in SMP medium, MEK was added in various concentrations and RNA for 
qPCR samples were taken at the designated timepoints. c) Impact of MEK concentration on cell growth 
measured 24 hours after inducer addition. Error bars correspond to biological duplicates (n=2) d) 
Modified scheme with extended pregrowth of cultures before palcA induction with various molecules 
known to interact with alcR. e) Response of palcA_syn_long on various concentrations of MEK, 
1-Butanol and L-Threonine. Background fluorescence of DS68530 was corrected for cell dry weight and 
subtracted from all samples. Error bars correspond to biological duplicates (n=2).
Ornithine decarboxylase (ODC) Degron-tags increase protein 
turnover in Penicillium chrysogenum
In order to generate more data about the reliability of performing short-overlap homologous 
recombination in vivo using P. chrysogenum DS68530, we constructed a series of strains 
where we N-terminally added 25- or 19- amino acids from the Mus musculus ornithine 
decarboxylase (ODC) to the native DsRed sequence under control of palcA_syn_core or 
palcA_syn_long (Figure 3a). From the 8 randomly selected clones, > 90% showed the correct 
size of PCR products, suggesting high efficiency assembly of 4 donor DNA parts with short 
overlaps (Supporting Information S3). We then tested the impact of the ODC-tag on DsRed 
stability by inducing the SMP medium cultivated strains with 25 mM MEK and measured 
the DsRed signal after 48 hours (Figure 3b and 3c). While the palcA_syn_core did not 
respond to an induction with 25 mM MEK, palcA_syn_long was indeed strongly activated by 
the inducer. More notably, both ODC-tags reduced the DsRed fluorescence signal to 17% of 
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Figure 3. Ornithine-decarboxylase (ODC) degradation tag testing in P. chrysogenum. a) Amino acid 
sequence of the ODC tag and scheme for in vivo recombination of four parts having 100 bp homology. 
b) Scheme for induction of palcA promoter constructs with 25 mM MEK and sampling points to access 
ODC efficiency. c) Results of tagging DsRed with ODC degradation tag variants and DsRed fluorescence 
levels 48 hours after induction with 25 mM MEK.
that obtained with a non-tagged DsRed version, suggesting that indeed protein transport to 
the proteasome by the ODC-tag can occur in P. chrysogenum in a similar fashion as shown for 
S. cerevisiae8 without requiring ubiquitination of proteins. This opens interesting possibilities 
of combining the ODC degron tag with synthetic TFs in P. chrysogenum and adding TF 
binding sites not only in a promoter but also inside an ORF to influence polymerase 
processing speed, thereby affecting the modulation and output of synthetic circuits24. These 
data suggest that protein half-life regulation can be an interesting option for applications in 
fungal biotechnology.




Our approach to skip the process of single-colony isolation and verification by testing pooled 
clones is very appealing for rapid gain-of-function analysis of newly designed pathways and 
synthetic biology constructs directly within a fungal host. Further, while usual workflows 
of natural product discovery also utilize surface-grown cultures to establish production of 
a compound of interest25, our approach potentially allows the utilization of any fermentation 
medium of choice and thus allows to test cultivation conditions relevant for industrial scale 
production already in the screening stage. Furthermore, working with fungal spores can 
pose a significant challenge to liquid-handling equipment and laboratory automation. Our 
workflow outlined here (Figure 4) allows testing of any transformable gain-of-function 
construct inside a fungal host, only working with protoplasts and mycelium kept in a liquid 
phase, thus reducing contamination risk by spores and can easily become integrated into any 
automated workflow for protoplast transformation26. We therefore envision this approach to 
reduce the time to prototype synthetic constructs in P. chrysogenum. Alongside, we present 
an inducible promoter, palcA_syn_long that achieves a 8.5-fold induction with the inducer 
methyl-ethylketone (MEK), making this promoter promising for expression of any gene 
of interest by addition of MEK to the cultivation medium. Secondly, palcA_syn_long can 
be used to engineer Penicillium to tolerate methanol or other aldehyde-based substrates 
that become toxic if accumulated by regulating the expression of the required genes in 
a concentration-dependent fashion. Lastly, we have shown that the ornithine-decarboxylase 
tag from Mus musculus is suitable to reduce protein half-life in P. chrysogenum, which can 
be helpful for the development of synthetic transcription factors with and synthetic gene 
regulation circuits as well as to challenge the cellular machinery to adapt to a stress situation 
in laboratory evolution experiments.
Methods
Fungal Strains
All P. chrysogenum strains utilized and created in this study can be found in (Table 1). Parental 
strain P. chrysogenum DS68530 (∆hdfA, ∆pen-BGC) was kindly provided by Centrient B.V. 
DNA Techniques 
For design of nucleic acid constructs and inspection of Sanger sequencing results, SnapGene 
(GSL Biotech) was used. PCRs for amplification of donor DNA parts were conducted using 
KAPA HiFi HotStart ReadyMix (Roche) and 0.25 µl of 100 µM primer stock solution at an 
annealing temperature of 66 °C regardless of calculated primer melting temperature and 
30 seconds elongation per 1 kbp. PCR products were purified using the GenElute kit (Sigma 
Aldrich) and concentrations were determined using a NanoDrop ND1000 (ThermoFisher). 
T4 DNA ligase and restriction enzymes (BpiI and BsaI) for MoClo assembly of level-0 and 
level-1 constructs were from Fermentas (ThermoFisher). When appropriate, PCR products 
were purified using ExoSAP-IT PCR Product Cleanup Reagent (ThermoFisher) and sent for 
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Figure 4. Concept of increasing the speed in testing synthetic constructs in P. chrysogenum. The addition 
of Cas9 RNPs increases the homologous recombination frequency in ΔhdfA strains, allowing reliable 
assembly of up to 4 donor DNA parts. The performance of the parts can then directly be accessed 
in liquid culture provided a measurable readout can be achieved (compound production or reporter 
protein production). A back-up plate allows clone verification and amplification of assembled constructs 
for library archiving in custom vectors that can be maintained in E. coli.
sequencing (Macrogen) with suitable primers. Donor DNA parts were concentrated on 
a SpeedVac (Eppendorf ) to achieve a volume of less than 40 µl per transformation.
Selection of sgRNAs
Protospacers were selected using CasOT27 with additional filtering for highly active 
protospacers using the CCTop-embedded CRISPRater tool28. In vitro transcription of sgRNAs 
was performed as described previously and transcribed sgRNAs were pooled before Cas9-
sgRNA RNP formation. All sgRNAs used in this study are listed in Supporting Information S5. 
Fungal Transformations
Protoplasts of P. chrysogenum strains were obtained 48 hours post spore seeding in 
YGG medium and transformed using the methods and media described previously29,30. 
The amount of total DNA transformed did not exceed 10 µg in a maximum volume of 50 µl. 
A list of all conducted transformations during this study is given in Table 1.
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Selection was carried out by utilizing transformant recovery plates containing either 0.1% 
acetamide (Sigma Aldrich) as only nitrogen source or 1.2 μg/ml terbinafine hydrochloride 
(Sigma Aldrich) combined with 40 mM sodium nitrate as nitrogen source. For selection of 
histidine auxotroph strains, L-Histidine (in 50 mM HCl, Sigma Aldrich) was sterile filtrated and 
added to the medium to a final concentration of 20 mM after autoclaving.
After transformants recovered, colonies were counted and analyzed by colony PCR using 
the Phire Plant Direct PCR Kit (ThermoFisher) to confirm integration of donor DNA elements at 
the desired genomic locus. Correct clones were purified by two to three cycles of sporulation 
and subsequent spore plating on selective media. For sporulation, fungal cultures were 
maintained on R-Agar31 for 7 to 10 days. For long-term storage of strains, rice batches were 
prepared, lyophilized and stored at room temperature when used for inoculation of shake 
flask cultures. For maintenance of histidine auxotroph strains, a final concentration of 20 
mM L-Histidine was added aseptically to the rice grains after autoclaving. For long-term 
cryocultures, rice grains with attached spores were stored in 20% glycerol solution at -80°C.











DS68530-hisB(---) ∆hdfA, ∆pen-BGC, ∆hisB::ergA 12 6 2
DS68530-ΔhisB-pTIF35-hisB ibid, IGR::pTIF35-hisB 275 n/a clone pool 
DS68530-ΔhisB-p40s-hisB ibid, IGR::p40s-hisB 263 n/a clone pool 
DS68530-ΔhisB-Pen-BGC-
pTIF35-hisB (equimass)
Ibid, IGR::penDE-pcBC-pcbAB-TIF35-hisB 344 n/a clone pool 
DS68530-ΔhisB-Pen-BGC-
pTIF35-hisB (equimolar)
ibid, IGR::penDE-pcBC-pcbAB-TIF35-hisB 900 n/a clone pool 
DS68530-ΔhisB-Pen-BGC-
pTIF35-hisB (equimolar)
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For regeneration of protoplasts in liquid culture after transformation, protoplasts were 
kept for 24 h in 1.2 M Sorbitol, followed by addition of 2 ml of YGG containing 1.2 M Sorbitol 
and shaking at 200 rpm and 25°C in growth tubes (Greiner) at an angle of 45° for 72 hours to 
allow mycelium formation and to improve aeration.
Fungal cultivations
All medium reagents were purchased from Sigma-Aldrich or Merck. Shake flask cultivations 
were performed in 100 ml flasks shaken at 200 rpm and 25°C in a shaking incubator. 
For preculture of strains stored on rice grains, 25 ml YGG medium31 was inoculated with 
lyophilized rice grains (between 0.2x106 to 2x106 spores/ grain, using 1 grain per ml 
inoculum) and incubated for 48 h. Of that preculture 4 ml (without rice grains) were used 
to inoculate either 26 ml SMP31 medium. When appropriate, SMP was supplemented with 
2.5 g/L of phenoxyacetic acid (POA) to stimulate production of Penicillin V. Samples were 
harvested by vacuum filtration over cellulose filters (grade 3 hw, Sartorius) at indicated times 
for biomass determination and RNA isolation. The broth was further processed for LC-MS 
analysis. For shake flask cultivation of liquid-recovered protoplasts, 1 ml of 96-hour grown 
protoplasts were added to 5 ml PPM + POA and cultivated further in a 100 ml shake flask at 
200 rpm and 25°C.
Detection of Penicillin related metabolites
For analysis of broth, samples were centrifuged for 10 min at 14,000 x g-1 and supernatant 
was directly used for analysis or aliquoted and frozen at -80°C. Separation was conducted 
on an Accella1250 UPLC system coupled to an Orbitrap Exactive spectrometer (Thermo 
Fisher Scientific, The Netherlands) with a scan range of m/z 100 – 1600 Da. A sample of 5 
μL was injected onto a Shim-pack XR-ODS C18 column (3.0 x 75 mm, 2.2 μm ID) (Shimadzu, 
Japan) kept at 40 °C and operated at a flow rate of 300 μL/min. Separation of compounds 
was achieved with the following solvents: A: 100% MQ-H2O, B: 100% Acetonitrile, and C: 
2% formic in MQ-H2O being constantly added at 5% to protonate molecules. After sample 
injection, the column was run for 5 min with isocratic flow at 5 % B, following a linear 
gradient for 25 min reaching 95% B, remaining constant at 95% B for 5 min and equilibrating 
the column with initial conditions of 5% B for 5 min before injection of the next sample. Each 
sample was analyzed in technical duplicate. Peak areas were extracted with Thermo Xcalibur 
(Version 2.2 SP1) software allowing a Δm/z of 5 ppm to the exact mass of compound m/z.
Gene expression analysis 
For qPCR analysis, mycelium for RNA extraction was collected by filtration, washed with 
ice-cold H2O. 100 to 200 mg wet biomass were mixed with 1 ml TRIzol reagent (Thermo 
Fisher Scientific), transferred into tubes containing glass beads and stored at -80 °C until RNA 
isolation. Mycelium was disrupted with a FastPrep FP120 system (Qbiogene) and total RNA 
was isolated using the Direct-zol RNA MiniPrep Kit (Zymo Research). For cDNA synthesis, 1500 
ng total RNA were reverse transcribed using the Maxima H Minus cDNA Synthesis Master Mix 
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(Life Technologies) in a volume of 20 µl. Samples were diluted with 80 µl MQ-H2O and 4 µl 
were used as input for qPCR in a final volume of 25 µl. As master mix for qPCR, the SensiMix 
SYBR Hi‐ROX (Bioline Reagents) was used. All runs were performed on a MiniOpticon system 
(Bio‐Rad). The following conditions were employed for amplification: 95 °C for 10 min, 
followed by 40 cycles of 95°C for 15 s, 60°C for 30 s and 72°C for 30 s, following an acquisition 
step. Raw ct data were exported and analysis of relative gene expression was performed with 
the 2−ΔΔCT method32. The expression analysis was performed with two technical duplicates 
per biological sample. The γ‐actin gene (Pc20g11630) was used as internal standard for data 
normalization. Primers for qPCR were designed using NCBI Primer BLAST33. All primers used 
for qPCR are listed in Supporting information 4.
Fluorescence Analysis and Optical Density
Samples for quantification of OD700 and DsRed fluorescence were prepared by diluting 250 
µl broth samples with 750 µl MilliQ-H2O in sample tubes and transferring 100 µl per well 
using clear, flat bottom 96 well microplates (Corning) in technical triplicates. Samples were 
analyzed with a Synergy MX microplate reader (Biotek) after 20 seconds agitation at 200 
rpm using OD700 (λ=700 +/- 5 nm and DsRed (λex=557 +/- 4.5 nm; λem=586 +/- 4.5 nm), 
representing the mean of 30 sample points per well.
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Supporting Information 1. Generation of a histidine auxotrophic P. chrysogenum strain. a) Colony 
PCR scheme and PCR results to verify deletion of hisB by deletion using the terbinafine-selectable 
ergA as marker. b) Comparison of DS68530 ΔhisB grown on plates containing 20 mM histidine and 
terbinafine or terbinafine only. Plates where incubated for 5 days at 25°C. c) Confirmation that pTIF35 
and p40s are suitable promoters for expression of hisB. OD600 measured in samples taken from 10 ml 
Greiner-tube cultures at indicated time intervals and appearance of regenerated mycelium pellets rom 
transferred protoplasts grown for 5 days in shake flasks using SMP medium. d) Screening scheme to 
verify production of Pen-BGC related compounds in DS68530 ΔhisB transformed with the Pen-BGC on 
multiple donor DNA fragments. After a total of 12 days, endpoint analysis of product levels and cell dry 
weight was performed.
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Supporting Information 2. Performance of alcA-based promoter in P. chrysogenum a) Protein sequence 
alignment of the alcR transcription factor of P. chrysogenum, encoded by Pc21g22800 and A. nidulans, 
encoded by AN8978. Important residues (based on crystal structure of alcR34) for interaction with DNA 
are highlighted in green. b) Scheme for homologous recombination to test performance of palcA-
constructs. The position of primers used to verify integration is indicated. c) Colony-PCR-results of four 
randomly selected clones of DS68530–DsRed(palcA-syn-core) and DS68530–DsRed(palcA-syn-long). 
The expected size of PCR products is 990 bp for palcA_syn_core-DsRed and 1566 bp for palcA_syn_
core-DsRed. d) Expression of the transcription factor alcR and DsRed measured by qPCR. The strains 
DS68530, Ds68530–DsRed(palcA-syn-core) and DS68530–DsRed(palcA-syn-long) were induced with 50 
mM MEK and compared after 24- and 48-hours post-induction to the uninduced controls. e) Correlation 
between OD700 and CDW of samples analysed in Figure 2e. For measuring OD700, a SynergyMX MTP 
plate reader was utilized. Error bars correspond to biological duplicates (n = 2 to 4).
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Supporting Information 3. Colony PCR results of in vivo assembled DsRed-expression cassettes with 
degron tags and without. 8 randomly selected clones were tested with colony PCR for correct assembly 
of the expression cassette. The amplified region is marked with a grey bar below the construct. a) 
palcA_syn_core-DsRed-native (1159 bp) and palcA_syn_core-DsRed-degron-fast (1252 bp). b) palcA_
syn_core-DsRed-degron-slow (1234 bp) and palcA_syn_long-DsRed-native (1735 bp). c) palcA_syn_
long-DsRed-degron-fast (1828 bp) and palcA_syn_long-DsRed-degron-slow (1810 bp).
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Supporting Information S5. sgRNA protospacers used in this study.






















Supporting Information S6. Sequence of palcA_syn_long promoter. The core promoter is underlined. 
The alcR binding motif 5’-CCGCA-3’ is highlighted in red.
















Supporting Information S7. Sequence of DsRed-degron-slow used in this study, the ornithine 
decarboxylase degron is underlined. The nucleotides highlighted in red encode 6 amino acids 
(EQDDGT) that are expected to slow down the degradation induced by the tag.


